Two new species of Gastrodia, G. cooperae and G. molloyi are described. These species are endemic to New Zealand and can be distinguished from other New Zealand Gastrodia by the length of the column and the colour of the labellum tip. Gastrodia cooperae is known from only three localities and it is ranked as Threatened: Nationally Critical.
Introduction
Island, although it was reported as a distinct entity only as recently as 1982 (Wilson 1982) . The third variant has only been found in urban settings such as traffic islands and public gardens, and it is known as Gastrodia "city". This variant is morphologically similar to G. sesamoides but it has charcoal grey sepal tips. It was first reported from traffic islands in Hamilton city in the North Island (Gibbs 2001) .
In this study we investigate the taxonomic status of these three morphological variants and, based on evidence from morphological and DNA fingerprinting data, we describe two of them as new species. We also evaluate their conservation status and provide an identification key to the species of Gastrodia in NZ and photographs of their diagnostic features.
Methods
We collected several flowering specimens of the three species of Gastrodia listed for NZ and the three morphological variants. These samples represent populations from the North Island and South Island of NZ. Voucher specimens were deposited at the herbarium WELT (Museum of New Zealand Te Papa Tongarewa) and collection details and images (when available) are accessible online at http://collections.tepapa.govt.nz. Flowers at different stages of development were collected from representative specimens, preserved in 90% ethanol and used later to study internal floral features.
We examined and measured eight morphological characters (stem width, length of the lowest stem bract, number of flowers, length of lowest floral bract, length of the pedicel and ovary at anthesis, width and length of the perianth at anthesis) from 177 mature, flowering specimens deposited at WELT and other national herbaria (AK, CHR, NZFRI and OTA) (Appendix 1). Since many of these specimens represent historical collections; destructive sampling was not conducted and only external floral characters, along with vegetative characters, were measured using a digital calliper. Two floral characters were measured from the preserved flowers; ratio length to width of the petal, and length of the column. We conducted a one-way ANOVA to determine whether morphological differences between species were significant using the software SYSTAT 13.1 (SYSTAT Software Inc.).
We also studied the type specimens of Gastrodia leucopetala Colenso (1886: 268) (WELT SP 22658!, WELT SP 22659!, WELT SP 24288!) a name currently synonymised with G. cunninghamii. Type specimens of all Australian Gastrodia or their images (available from http://plants.jstor.org); G. crebriflora Jones (1991: 62) (BRI-AQ0521041!), G. entomogama Jones (1991: 63) (CBG 9004649!), G. lacista Jones (1991: 64) (CBG 8913934!), G. procera Carr (1991: 22) (MEL 223604!), G. sesamoides Brown (1810: 330) (BM000990493!), G. surcula Jones (2008: 554) (CBG 9219995!), G. urceolata Jones (1991: 64) (BRI-AQ0643810!) and G. vescula Jones (1991: 65) (CBG 9707621!) were also examined. Herbarium acronyms follow Thiers (2015) .
Species distribution was collated from herbarium specimens, field observations, photographs that were submitted to us, and observations from the citizen science website NatureWatch New Zealand (www.naturewatch.org.nz, accessed 2 April 2016). We only used NatureWatch observations and submitted photographs that we could confidently identify (Appendix 2).
DNA extraction and fingerprinting (AFLP)
A whole flower was finely crushed and used for DNA extraction using a modified CTAB protocol (Doyle & Doyle 1987) . AFLP profiles were generated for 20 samples of Gastrodia (G. cunninghamii n=4; G. minor n=4; G. sesamoides n=3; G. "long column black" n=5; G. "long column" n=3; G. "city" n=1). Fingerprinting followed the protocol developed by Clarke & Meudt freely available from http://clarkeresearch.org/aflp_2012-01-26/aflp.html (accessed November 2014). Up to 250 ng of genomic DNA was digested for each sample using the restriction enzymes EcoRI (10 U/ 1 μL, Roche) and MseI (10 U/ 1 μL, NEB). A duplicate of each sample was digested alongside and analysed simultaneously; this was done to reduce potential uncertainty around fragment sizes or any other technical artefacts that might affect our results. Based on previous AFLP studies of orchids (Hedrén et al. 2001 , Forrest et al. 2004 , Fay et al. 2005 , Mant et al. 2005 , Janes et al. 2012 ) and the variability observed in preliminary tests on a subset of our samples the following selective primer combinations were chosen: 6FAM-EcoRI + ACT / MseI + CAG, Vic-EcoRI + ATA / MseI + CGT, Pet-EcoRI + AGG / MseI + CAA and Ned-EcoRI + ACC / MseI + CAC (Sigma-Aldrich, except for ABI for the Vic, Ned, and Ted labelled primers). Selective PCRs were poolplexed in equal volumes (2 μL each) and genotyped on ABI 3730 Genetic Analyzer (Life Technologies) by the Massey Genome Service (Palmerston North, New Zealand).
Data analyses
AFLP profiles were visualised and analysed using GeneMarker V1.90 (Softgenetics). First, we used the default settings for fragment sizing and scoring. A panel of scorable fragments was created for each primer combination based on high quality profiles (score ≥ 94). This panel was then used for automatic scoring of fragments found between 60 and 250 bp, using a relative fluorescent unit threshold of 200. The following options were used for scoring the fragments: Local Southern size call, peak saturation, baseline and enhanced baseline subtraction, smooth and enhanced smooth, spike removal, pull-up corrections, plus-A filter, and stutter filter (10 %). We set peak scores values of reject to "reject = 1 and pass = 7". Profiles were then assessed manually and dubious or low intensity peaks were not scored and failed samples discarded. After excluding duplicates, a presence/absence matrix that included all primer combinations was created and analysed by Neighbour-joining (NJ) using SplitsTree (Huson & Bryant 2006) . Bootstrap support for main clusters was calculated by boostrap analyses (1000 replicates) also using SplitsTree. Principal Coordinate Analyses (PCoA) using NTSYS-pc 2.2h1 (Applied Biostatistics Inc.) was also used to examine genetic affinity within a subset of the data.
Results
Our analyses provide evidence to describe Gastrodia "long column black" and G. "long column" as new species. For convenience and consistency throughout this article, these are referred to as G. cooperae and G. molloyi respectively. Their formal descriptions follow later in the article.
DNA fingerprinting (AFLP)
Our AFLP data set consisted of 20 samples and 289 bands; 279 of these bands were polymorphic. Samples of Gastrodia cooperae and G. molloyi formed two strongly supported groups (BS: 100 % and 97.6 %, respectively), distinct from each other and from other Gastrodia species (Fig. 1) . Gastrodia cooperae is close to G. cunninghamii and both taxa formed a strongly supported clade in the NJ tree (BS: 100 %, Fig. 1 ). On the other hand, the sample of G. "city" fell within a strongly supported clade that includes only samples of G. sesamoides (Fig. 1) .
Similar results were obtained by the PCoA of the reduced data set that excluded Gastrodia minor and G. sesamoides (Fig. 2) . Here, samples of G. cunninghamii and G. cooperae clustered at the opposite end of the ordination space from G. molloyi. The affinity of G. cunninghamii with G. cooperae is again evident in the PCoA; as well as a North Island / South Island separation of the accessions of G. cooperae and G. cunninghamii (Fig. 2 , dashed line). FIGURE 1. Neighbour-Joining tree based on AFLP data generated from New Zealand Gastrodia. Numbers on NJ tree indicate bootstrap support above 50 %. Gastrodia cooperae = Gastrodia "long column black"; Gastrodia molloyi = Gastrodia "long column". Sample labelled "no voucher" was collected from the same locality as specimen WEL SP104437. FIGURE 2. Principal Coordinate Analysis (PCoA) based on Jaccard's similarity coefficient calculated from AFLP data of G. cooperae (Gastrodia "long column black"), G. molloyi (Gastrodia "long column") and G. cunninghamii. Sample labelled "no voucher" was collected from the same locality as specimen WEL SP104437.
Morphology
Most of the vegetative and extra-floral characters we measured from Gastrodia cunninghamii, G. cooperae, G. sesamoides, . Characters such as the number of flowers, and length and width of the perianth differed significantly between some species (e.g. Fig 3D-F) , but overlap between species was still considerable. Only intra-floral features such as the length of the column (Fig. 3I ) and the petal shape ( Fig. 3J ) markedly differed between species. For instance, G. cunninghamii is the only one of these four species that has flowers with a short column. The type specimens of G. leucopetala, a heterotypic synonym of G. cunninghamii, also have short columns. As for the petals, in G. sesamoides they are mostly ovate, while in G. molloyi and G. cooperae petals tend to be oblong and widely oblong in G. cunninghamii. The colour and texture of the perianth, and the colour of the labellum tip (all features clearly distinguishable in fresh material) were also informative. For instance, G. sesamoides has pale brown to white flowers with a smooth perianth. Flowers of remaining species, however, are pale green or brown to golden-brown to dark green or brown, and the perianth surface is always tuberculate to a greater or lesser degree. The labellum tip is yellow in G. sesamoides and G. molloyi and brown to black in G. cunninghamii and G. cooperae.
Both new species are easily distinguishable from G. minor. Our data shows G. minor is distinctively slender, ca. 20 cm tall, and has only 1-6 flowers (morphometric data not shown but available on request), which have a short column. From the Australian species, only the type specimens of G. entomogama, G. lacista and G. procera show some resemblance with the new species. However, these three Australian endemics have larger and wider flowers with a pale-brown perianth, and columns almost twice as long as those found in G. cooperae and G. molloyi. Diagnosis:-Similar to G. cunninghamii and Gastrodia molloyi in the colour and texture of the perianth but it differs from G. cunninghamii by its long column and from Gastrodia molloyi by its dark brown-black labellum tip. It differs from G. sesamoides by its dark brown-green verrucose perianth and dark brown-black labellum tip.
Description:-Terrestrial, leafless, achlorophyllous, deciduous herb. Rhizome tuberous, fusiform, pale brown. Plant (22)36-45.5(96) cm tall at flowering. Stem solitary, glabrous, dark to pale brown with greyish longitudinal streaks; (1.2)1.6-2.6(4.5) mm diameter. Stem bracts 4-5, papery, glabrous, sheathing. Inflorescence erect, terminal, flowers (6)12-27(40), non-resupinated, nectarless, scented, erect when developing and pendulous at anthesis. Floral bract papery, glabrous, deltoid to widely deltoid, apex acute, (2.1)4.7-5.4(6.6) × 1.6-2.2 mm. Pedicel (1.6)3.4-4.6(5.3) mm long. Perianth tube (4.9)8.4-10.4 × (2.5)3.6-4.6(5.3) mm, brown to dark brown, surface with pale green to gray wartlike elevations. Sepals reflexed, white to pale green abaxially; margin entire to slightly irregular towards the apex; apex acuminate. Petals adnate to the tube formed by the sepals, oblong, 3.0-3.4 × 1.3-1.8 mm, white on both sides; margin irregular, apex obtuse to round. Labellum 6.5-10.8 mm long; adnate to the base of the perianth, fleshy. Hypochile pale brown, covered on pseudo-pollen, margin entire. Mesochile strongly contracted; margins entire. Epychile trilobed, white at the base to pale yellow towards the apex. Lateral margins incurved, entire in the basal portion then irregularly crenate to cristate towards the apex. Labellum apex fleshy, dark brown to black. Two pale yellow ridges covered in pseudopollen extend from the mid-section of the epychile to the apex where they join. Column erect, 5.4-7.8 mm tall, narrow at base and wide towards the apex, 1.2-2 mm wide. One oblong or two deltoid wings flank the rostellum. Pollinia two, pollen joined into massulae; rostellum flap like, positioned under anther. Stigma at base of the column, ovate. Ovary (3.7)4.6-6.1(6.7) mm long, brown with a few greyish wart-like elevations. Capsules upright when mature; seeds pale brown. Etymology:-The epithet of the species is adopted to recognise Dorothy 'Dot' A. Cooper (1941-) who established the New Zealand Native Orchid Group and who authored the Field Guide to New Zealand orchids (Cooper 1981) , which led to the recognition of this species as distinct.
Distribution:-Endemic to New Zealand. North Island, a single population in eastern Wairarapa. South Island, two populations in north-west Nelson (Fig. 5) .
Habitat:-G. cooperae is today known only from a remnant patch of Kunzea robusta forest in the North Island, and southern beech forest in the South Island. Information on the habitat of G. cooperae at its historical locations is lacking, but it is presumed to have habitat requirements similar to the closely related G. cunninghamii. The two species are syntopic in the South Island and G. cunninghamii is present at North Island sites where G. cooperae historically occurred.
Phenology:-Flowering in December and January; fruiting in January and February. Conservation status:-The earliest specimens of Gastrodia cooperae were collected between the 1930s and 1960s from Mount Arthur (WELT SP19098 as G. cunninghamii), Takaka (CHR 79950A, B) and Canaan Road (CHR 192308) (both as G. sesamoides) in the South Island. A small population of ca. 10 plants had also been reported near Whanganui in the North Island during the 1980s and 1990s but it has not been seen there since that time (M. Pratt pers. comm.). It also seems to be no longer extant at the site of Cooper's (1981 Cooper's ( , 1983 record in the southern Tararua Range in the North Island. Gastrodia cooperae is today known from only three locations. In eastern Wairarapa in the North Island, it is sparsely distributed across an area of ca. 0.2 ha within a ca. 10-ha forest. No formal census has been conducted there but it is unlikely that the population is greater than 100 individuals. In north-west Nelson, its area of occupancy is even smaller, and fewer than 20 plants have been observed there. Although no information is available to estimate population trends, the current situation of fewer than 250 mature individuals, enables G. cooperae to be assessed as Threatened: Nationally Critical A1 using the criteria of Townsend et al. (2008) trend data and the large extent of unsurveyed potential habitat in the north-west South Island, we recommend that the qualifier DP (Data Poor) be appended to the assessment. Description:-Terrestrial, leafless, achlorophyllous, deciduous herb. Rhizome tuberous, fusiform, pale brown to blackish, often covered in papery scales. Plant (29.6)39.3-65.8(80) cm tall at flowering. Stem solitary, glabrous, golden brown to pale pink-greyish, with gray-whitish longitudinal streaks; (1.8)2.9-3.8(8.5) mm diameter. Stem bracts 3-5, papery, glabrous, sheathing. Inflorescence erect, terminal, flowers (12)20-31(55), densely arranged, non-resupinated, nectarless, scented, erect when developing and pendulous at anthesis. Floral bract papery, glabrous, deltoid, apex acute, (3.3)4.7-6.6(9.3) × 1.8-2.7 mm. Pedicel (1.1)3.1-4.3(6.6) mm long. Perianth tube (7.7)9.4-14.1 × (2.3)3-5.3(7.6) mm, greenish gold to golden brown, surface with pale green to gray wart-like elevations. Sepals slightly reflexed, white to pale green abaxially; margin entire to slightly irregular towards the apex; apex acuminate. Petals adnate to the tube formed by the sepals, oblong, 2.7-4.4 × 1.3-2 mm, white on both sides; margin irregular, apex obtuse. Labellum 7.8-10.5 mm long; adnate to the base of the perianth, fleshy. Hypochile yellow to orange, covered in pseudo-pollen, margin entire. Mesochile strongly contracted; margins entire. Epychile trilobed, white. Lateral margins incurved, entire in the basal portion then irregularly crenate to cristate towards the apex. Two bright yellow to orange, warty ridges Photos by J.R. Rolfe. extend from the basal section of the epychile to the middle section, where they join and extend as one towards the apex. Pseudo-pollen accumulates on both sides of the ridge. Labellum apex fleshy, yellow to orange. Column erect, 6.8-7.9 mm tall, narrow at base and wide towards the apex, 2.5-3.7 mm wide. The rostellum is flanked by one oblong or two deltoid column wings. Pollinia two, pollen joined into massulae; rostellum flap like, positioned under anther. Stigma at base of the column, ovate. Ovary (3.4)4.3-6.2(8.7) mm long, brown with a few grayish wart-like elevations. Capsules upright when mature; seeds pale brown. Etymology:-The epithet of the species honours Brian P. J. Molloy (1930-) for his important contributions to the study and conservation of the New Zealand flora in general, especially orchids, and for his early insights about the distinctiveness of this species.
Distribution:-Endemic to New Zealand. North Island (south of Auckland), South Island and Stewart Island (Fig. 7) .
Habitat:-Gastrodia molloyi is commonly found on disturbed sites including, for example, under Salix viminalis Linnaeus (1753 Linnaeus ( : 1021 and S. fragilis Linnaeus (1753 Linnaeus ( : 1017 alongside flood-prone waterways, amongst trackside exotic weeds and grasses including Holcus lanatus Linnaeus (1753 Linnaeus ( : 1048 , Rubus armeniacus Focke (1874: 183) and Trifolium repens Linnaeus (1753: 767) in forest dominated by Lophozonia menziesii (Hooker 1844: t. 852 ) Heenan & Smissen (2013: 16) , and under Pinus pinea Linnaeus (1753: 1000) in a private garden. It is also known from indigenous forests dominated by Beilschmiedia tawa, Kunzea robusta or Nothofagaceae species and scrublands dominated by Kunzea species or Leptospermum scoparium Forster & Forster (1775: 72) . As with other Gastrodia species it may be found singly, in groups of a few stems, or in large numbers.
Phenology:-Flowering in December to March; fruiting in January to April. Conservation status:-Gastrodia molloyi is widespread throughout most of NZ south of Auckland. It is, therefore, regarded as 'Not Threatened' using the criteria of Townsend et al. (2008) . 
Identification key to species of Gastrodia found in New Zealand

Discussion
Our study has gathered morphological and genetic evidence that supports the recognition of two new species of Gastrodia endemic to New Zealand-G. cooperae and G. molloyi. Floral characters, such as the colour of the labellum tip and the length of the column, are the most significant and diagnostic features that help to discriminate between these new species and other NZ Gastrodia. This is particularly true for G. cooperae and G. cunninghamii, which are morphologically very similar and may be found growing sympatrically. On the other hand, we did not find support to recognise Gastrodia "city" as a distinct species. The AFLP study and our unpublished nuclear and mitochondrial DNA sequences indicate Gastrodia "city" is conspecific with G. sesamoides. The gray charcoal sepal tips of this variant may represent a natural morphological variation within the species or a plastic response to local habitat conditions. Also, the presumed affinity between G. sesamoides and the two new species is not supported by our AFLP data. In Gastrodia, the length of the column is a fair indicator of the mating system, and plants with a short column tend to be autogamous or cleistogamous, while those with a long column are allogamous and pollinator dependent (see Lehnebach et al. 2005 , Hu et al. 2014 , Suetsugu 2014 , Macdonald et al. 2015 but also see Hsu et al. 2012 , Suetsugu 2013 . The syntopic occurrence of two morphologically similar species, such as G. cooperae and G. cunninghamii, with contrasting reproductive systems may be interpreted by some as a single species with a dimorphic mating system. In fact, it is not uncommon to find orchid species, or other flowering plants, with self-pollinating and out-crossing forms or races growing in sympatry (see by Gamisch et al. 2014 and citations therein). However, under this scenario our samples of G. cooperae and G. cunninghamii from the North Island and South Island would have grouped according to provenance and not by the length of their columns as they do in the PCoA (Fig. 2) . Furthermore, transition between the self-fertilisation and out-crossing state is common within Gastrodia and there are several species pairs in which the length of the column is the most diagnostic character (e.g. Tan et al. 2012 , Hu et al. 2014 , Suetsugu 2014 . One of the most recent additions to Gastrodia is a species from China which has long-and short-column flowers within the same inflorescence (Huang et al. 2015) . This has never been observed in G. cooperae or G. molloyi.
Now that the taxonomic status of these two NZ Gastrodia has been resolved, future studies should focus on their autecology and conservation. To secure the long-term survival of G. cooperae we need to assess its dependency on pollinators, measure reproductive success and recruitment, and identify and manage potential threats at each of the known sites. Population genetic studies using microsatellites could also provide an interesting insight into past population bottlenecks and provide a measure of the genetic diversity within each of these populations. At a broader scale, ongoing phylogenetic studies in collaboration with overseas colleagues are aiming to uncover the origin of NZ Gastrodia and resolve phylogenetic affinities within African and Australasian Gastrodia. The resulting phylogeny could unravel colonisation routes, dispersal events and provide a framework to study the evolution of mating systems within this enigmatic orchid genus.
